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Abstract
Following requirements of the plasma processing industry for increasing throughput, capacitively
coupled plasma reactors with large area electrodes driving by very high frequency sources have been
proposed. However, such reactors with plasmas inside support modes which can negatively influence
the uniformity in the ion fluxes or the average energy of the ions impinging on the substrates, which
is an essential requirement of the industry. It is shown when the popular electrostatic approximation
used for description of the fields in capacitively coupled plasmas (CCP) breaks down and when these
modes must be treated electromagnetically. Influence of the modes on the essential parameters of
the CCP discharges is discussed. A few techniques for avoiding excitation of the modes leading to
the undesired nonuniformities are mentioned. Results of several experiments studying such plasma
discharges are briefly reviewed.
Keywords: electromagnetic effects, capacitively coupled plasmas, large area electrodes, very high
frequencies, standing wave effect, skin effect, telegraph effect, plasma uniformity
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I. INTRODUCTION
All techincal plasmas, i.e. low-temperature partially ionized plasmas used in the industry
for technological purposes such as Plasma Enhanced Chemical Vapor Deposition (PECVD),
etching, etc., are intrinsically bound plasmas generated in corresponding plasma reactors.
Unlike in magnetic fusion plasma reactors, where plasma is too hot to be allowed a contact
with the reactor walls without significant consequences and thus where strong magnetic
fields are used to confine such plasmas, in technical plasmas a direct contact with the reactor
electrodes or walls is very common. In the latter case the electrons, having much greater
mobilities compared to that of ions, tend to leave to the metal walls forming a positively
charged sheath due to the ions. This process continues until the potential corresponding to
the space charge in the sheaths, which accelerates the ions and deccelerates the electrons,
eventually balances the electron and ion fluxes. Furthermore, the direct contact of plasma
with the substrate to be processed is often essential, e.g., in etching, where ions emanating
from the bulk plasma gain energy and directed momentum in passing the sheath region
and hit the substrate. These ion directed momentum and energy are vital for creating large-
aspect structures on the substrate. The ion flux to substrate plays also a significant role since
it determines rate of the surface processes which occur under the ion bombardment. For a
weakly collisional sheath, the ion flux is proportional to the plasma density at the plasma
bulk-sheath interface, which is proportional to the power deposition rate for high neutral
gas pressure (in case of the low pressure energy transport is non-local and this dependence is
more complex). Indeed, to sustain technical plasmas, one needs to couple energy to it, which
usually occurs through electromagnetic fields of different frequencies. For the densities and
the field magntidues common to the technical plasmas, energy is coupled predominantly to
the electrons. Thiis is due to the much smaller electron mass in comparison to that of the
background neutrals, which results in extremely slow energy exchange between the electrons
and the neutral gas, so that electron temperatures reach values more than hundred times
higher that ion temperatures in the stationary discharges. In contrast, ions and neutrals have
comparable masses and any ion kinetic energy surplus is very efficiently transferred to the
background neutral gas, so that the ions end up having practically room temperature. The
hot electrons ionize the neutrals either through direct impact ionization or through indirect
ionization channels, i.e. excitation of metastable atoms or molecules followed by Penning
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ionization. Therefore, plasma density is proportional to the reaction rates of such reactions,
the reaction rates depend on the electron temperature, and the electron temperature is
affected by the power absorbed by the electrons.
As the Lorentz force caused by the magnetic field does not perform any work on the
charged particles, only electric field can heat plasma. In order to deposit electric energy
into plasma, one first has to excite a certain pattern of electromagnetic fields called mode,
which is governed simultaneously by the Maxwells equations, plasma characteristics and
the boundary conditions, including the excitation source. The electromagnetic mode can
either exhibit fields with large intensity in the plasma bulk or fields more concentrated at
the periphery of the discharge, such as sheath-bulk plasma interface. Hence, the former are
called body (or global) modes and the latter surface waves, respectively.
Once excited, such a mode will dissipate its electromagnetic energy to the plasma par-
ticles through various processes. Common to the technical plasmas are the collisional
mode damping due to electron-neutral elastic collisions and collisionless Landau damping.
The collisional damping trasforms the energy of the ordered particle motion under influ-
ence of the electromagnetic forces caused by the mode fields into chaotic thermal motion
through charged-neutral particle collisions in case of low charged particle densities or through
Coulomb collisions otherwise. Landau damping occurs through resonant wave-particle inter-
action whereby the electromagnetic wave affects mainly the particles trapped in the potential
well of the mode by accelerating the particles with velocities smaller and deccelerating the
particles with velocities bigger than the mode phase velocity. If the particle velocity dis-
tribution function features negative slope at the mode phase velocity, the mode accelerates
more particles than it deccelerates and the effective energy transfer occurs from the mode
to the particles.
For the industrial plasma processing, it is often important to ensure uniformity of the ion
fluxes and ion energy distribution throughout the part of the discharge which is relevant to
the processing. Following the argumentation above, the uniformity of the ion fluxes depends
on plasma density, which is influenced by the absorbed power profile (which in turn depends
on the distribution of electromagnetic fields in a mode and a specific dissipation process),
and energy transport (which may be local in case of high collisionality and non-local if the
effective mean free path for an energy changing collision is larger than characteristic reactor
dimensions). The uniformity of the characteristic energy of ions impinging on the substrate
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is directly affected by uniformity of the DC voltage across the sheath (or uniformity of the
DC plasma potential and the DC voltage on the substrate). Therefore, it is important for
description of technical plasmas to understand structure of the main electromagnetic modes
existing in the corresponding reactors, their dissipation, and distribution of the voltage in
the plasma sheath.
The simplest technical plasmas are unmagnetized. In this case, the cold collisionless
plasma dispersion relation for an unbounded plasma allows propagation of a longitudi-
nal mode (so that electric field polarization is aligned with the direction of wave propa-
gation) with dispersion relation ω = ωpe and a transversal mode (with the electric field
polarization perpendicular to the direction of wave propagation) with dispersion relation
ω = (ω2pe + k2c2)1/2. Hence, in this approximation no body modes are allowed to prop-
agate with frequencies below the electron plasma frequency (therefore, it is called cutoff
frequency). Any wave driven at frequency below the cutoff frequency will be evanescent
(heavily damped). Two different approaches to excitation of the electromagnetic modes (or
coupling of the electromagnetic fields from external sources to plasma) by a time-dependent
source can be considered for the technical unmagnetized plasmas, which differ by the orien-
tation of the dominant electric field with respect to the plasma surface. For the capacitive
(inductive) coupling electric field is perpendicular (parallel) to the plasma surface, respec-
tively. The perpendicular electric field in a capacitively coupled plasma discharge decays
into the plasma on a distance of the order of the Debye length to a small value needed to
sustain the Ohmic current ensuring the current continuity. However, the Maxwell’s equa-
tions require that the parallel magnetic field generated by the time-changing perpendicular
electric field must decay into the plasma on a distance of order of the inertial skin depth
δi ≡ c/ωpe, and the decaying magnetic field generates a parallell electric field. Thus, there is
no solution with a purely perpendicular electric field, there is always a radial component of
the electric field which is small under normal conditions in a capacitively coupled discharge.
As will be demonstrated below, in the cold plasma approximation a capacitively coupled
discharge support two different dominant modes when an analytical treatment takes into
account the bounded nature of such a discharge, calculating the fields in each of the sep-
arate discharge regions (plasma sheaths and bulk) respecting the boundary conditions and
matching the solutions on the interfaces between the different regions. These are normal
modes of plasma filled cavity representing a capacitively coupled reactor.
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These modes differ by their symmetry of the perpendicular electric field with respect to
the discharge midplane (and hence are called "even" and "odd" modes) and lead to different
physical consequences. If δi or its collisional analog (in case of the collision dominated
skin effect) δc = δi(2ν/ω)1/2 are smaller than the bulk plasma width d, the fields tend
to be concentrated around the sheath-bulk plasma interface. Therefore, these modes in
a capacitively coupled discharge consist of surface waves. If the mode wavelengths (λe ≈
λ0(s/d)1/2 and λo ≈ λ0(sd)1/2/δ for the even and odd modes, respectively. Here λ0 = 2pic/ω
is the vacuum wavelength for the frequency ω and δ = max(δi, δc)) become comparable
to the electrode radius R, the wave nature of the modes start to manifest itself through
the nonuniform distribution of the discharge voltage ("standing wave effect") or plasma
potential ("telegraph effect") in the radial direction. It will be shown below that a strong
skin effect can lead to a redistribution of the fields inside a mode, making the fields stronger
towards the discharge edge. The action of the skin effect is akin to that observed in metals
conducting a radio-frequency (RF) current, where the skin effect leads to generation of eddy
currents reducing the original current in the bulk of the conductor and increasing it at the
periphery of the conductor, so that effectively the RF current tends to be concentrated close
to the periphery of the discharge. Likewise, plasma in a cylindrical capacitively coupled
reactor the even mode shows increase of the dominant axial current towards the edge and
the odd mode shows increase of the dominant radial current towards the plasma sheaths.
Nevertheless, the field symmetry remains unchanged even when strong skin effect is present,
so that classification of the modes remain the same. It is important to note that these modes
are so-called slow modes, i.e. their phase velocity is smaller than the speed of light and thus
they can be dissipated not only through collisions but also through the collisionless Landau
damping.
Usually, in the capacitively coupled discharges δi is large compared to the plasma bulk
size, thus the magnetic field hardly changes in the plasma and the parallel electric field is
negligible, and min(λe, λo) R so that the wave nature of the modes is hardly noticeable.
In this case one can adequately describe the modes using an electrostatic approximation,
which uses solely Poisson equation to solve for the electric field. The discharge voltage
at the driven electrode and the plasma potential are both uniform in the radial direction.
However, there is a growing trend to increase the substrate size and driving frequency of
such discharges in order to increase the processing throughput. In the light of the above
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arguments, under these circumstances the field pattern might change considerably and lead
to large nonuniformities in the power depositions and sheath voltage drops. Furthermore,
a strong skin effect (when δ is small because of the higher plasma densities) can lead to
a change in the type of the power deposition, changing it from capacitive type when the
perpendicular electric field dominates to the inductive type, when the radial electric field
dominates. This demands an electromagnetic description despite the vacuum wavelength
corresponding to the driving frequency is commonly greater than the reactor dimensions.
The inductively coupled discharges (ICPs) use predominantly parallel electric field for
power deposition into the plasma. As the radial electric field for the overdense plasmas,
which is normally the case, decays into the plasma with the skin-effect, the power absorption
can be more or less uniform (when the skin depth is large compared to the interelectrode
gap) or strongly localized otherwise. In principle, as the plasma is usually overdense, such
system supports similar modes to the capacitively coupled discharges. As the large parallel
electric in the inductively coupled discharges field penetrates plasma much deeper than the
perpendicular electric field in the capacitively coupled discharge in their normal regimes
of operation, energy coupling is more efficient in case of the inductively coupled discharges,
which leads to higher plasma densities attained in such discharges. As in capacitively coupled
discharges which exhibit transit to the inductively coupled regime under extreme conditions,
the inductively coupled discharges can be also operated in the capacitively coupled regime.
If the magnetic field is used in the discharge, the magnetized plasma dispersion relation
allows propagation of the body helicon modes with frequencies well below electron plasma
frequency. Since these modes are global, they allow more effective and uniform energy
coupling between antenna and plasma.
Whereas the electromagnetic effects are well described for the plasma sources whose
operation depends on those very effects (e.g., see textbooks [11] and [6]), it has been only
relatively recently realized that the electromagnetic effects become significant for the modern
capacitively coupled discharges with large area electrodes driven by high frequency sources.
Here, the attention will be paid mostly to description of the electromagnetic effects for the
modes in a capacively coupled reactor.
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II. SURFACE WAVE MODES SUPPORTED BY A CYLINDRICAL CAPACI-
TIVELY COUPLED PLASMA REACTOR
Many physical insights can be obtained by considering a simple cylindrical cavity rep-
resenting capactiviely coupled reactors filled with plasma modelled as a dielectric using
the cold homogeneous unmagnetized plasma model, the plasma being separated from the
electrodes by sheaths. In description of such a model we will mostly follow [1].
A capacitively coupled reactor usually consists of two planar electrodes, of which at least
one is driven by an external AC source, the driving frequency being in the range of RF
frequencies. Most of the voltage drop takes place in the positively charged sheaths, which
separate bulk quasineutral plasma from the electrodes. For the lateral confinement a sidewall
made of metal or dielectric material is usually used. A typical CCP reactor with cylindrical
geometry is depicted in Fig. 1. Since the skin depth in metal for RF frequencies is much
smaller than the electrode thickness, the supplied voltage propagates first in the form of
a TEM mode in the waveguide formed by the back side of the driven electrode and the
grounded encasing from the point of application of the external source to the slit at the
radial periphery of the reactor (denoted ’ST’ in the figure), at which point electromagnetic
waves supplying power for sustaining the plasma enter the reactor and carry the energy
further in the discharge in the form of the modes supported by such configuration from the
radial periphery to the radial center of the discharge. Note that the CCP reactor shown in
Fig. 1 has asymmetric configuration, i.e. the total area of the grounded surfaces is larger
than the driven electrode area. Such a configuration is more general than a symmetric one
as it allows excitation of the both main modes supported by the CCP reactors with plasma,
as will be shown shortly.
FIG. 1: Geometry of a typical asymmetric capacitively coupled reactor, taken from [2].
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Without plasma, such reactor is a simple capacitor, which for the usual frequencies and
sizes support only TEM modes propagating with the speed of light, as these modes have no
cutoff frequency from below. The first available TM mode in such a waveguide cannot prop-
agate for l < λ0/4 with l the interelectrode distance and λ0 = c/ω the vacuum wavelength
[? ].
A presence of plasma dramatically changes the modes supported by a capacitively coupled
reactor. The electrode inductance for the radial currents flowing through the electrodes is
not altered by the plasma, but the capacitance increases by a factor of l/s compared to
the vacuum case because plasma virtually screens the fields from it, hence the capacitance
is determined by the sheaths only. The mode becomes a slow wave, its phase velocity
vph = ω/k = c(s/l)1/2 (with k the radial wave vector) being significantly smaller than the
speed of light owing to s  l [2]. Therefore, the effective radial wavelength of such a
mode λ = 2pi/k is much smaller than wavelength of the vacuum TEM modes λ0 and can
become comparable to the reactor radius (so that the mode’s wave nature leads to signficant
nonuniformities) at much smaller frequency than expected from an estimate based on the
vacuum TEM modes.
To analyze such model a convenient choice (e.g., [3]) is to represent the plasma by a
uniform ion background and electrons as a central lossy dielectric slab with permittivity
equal to that of a cold collisional plasma, p(ω) = 1 − ω
2
pe
ω(ω−iν) with ν the frequency of
electron-neutral elastic collisions and ω2pe = e2ne/(0me) the plasma density where electron
density ne is assumed homogeneous. The central electron slab has the same density as
that of the ion background, so that the bulk plasma slab is quasineutral and the matrix
sheaths are positively charged. As has been argued in the Appendix A of [3], linear small
amplitude oscillations of the electron negatively charged slab around its stationary position
can be adequately described by a stationary dielectric slab because the charge perturba-
tion resulting from the slab motion is mimicked by the harmonic charges occuring at the
sheath-dielectric interface in order to satisfy boundary condition for the perpendicular elec-
tric flux density. All sheaths have uniform thickness s. Although such a model is clearly
not self-consistent and does not account for many potentially significant effects such as,
among others, non-uniform plasma profile, finite temperature effects, nonlinear sheath os-
cillations, and nonuniform sheath thickness, it provides basic ideas about the modes which
are supported by a CCP reactor.
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Futher, we will assume the field pattern of a TM mode (e.g., [3], [4]), i.e. the electric field
with the radial and axial components and the magnetic field with the azimuthal component.
Assuming the azimuthal symmetry, all the fields depend only on the radial and the axial
coordinates. As discussed above, there is always a radial component of the electric field
because the Maxwell’s equations predict decay of the magnetic field into the plasma and
a spatially changing magnetic field is accompanied by a radial electric field component.
However, when the driving frequency and electrode radius of a CCP reactor are sufficiently
small so that the nonuniformity of the fields is insignificant (which had been usually the
case up to relatively recently) , the radial electric field is negligibly small compared to the
axial field, some authors prefer to call such modes quasi-TEM (e.g., [1]). In [3] it was shown
that the modes with the TE-like field pattern have phase velocities greater than the speed
of light so that their wavelengths are much bigger than those of the TM-like modes, thus
the TE-like modes are not considered here.
Following the ansatz, the Ampere’s and Faraday’s laws can be reduced to a single equation
for the azimuthal component of the magnetic field. When written in the sheaths and bulk
plasma separately, it reads
1

[
∂2Hφ
∂r2
+ 1
r
∂Hφ
∂r
− 1
r2
Hφ
]
+ ∂
∂z
1

∂Hφ
∂z
+ k20Hφ = 0, (1)
where  = 1 in the sheaths and  = p in the bulk plasma and k0 = ω/c. This equation
has to be solved under boundary condition of vanishing tangential electric field at the metal
electrodes, which translates to ∂Hφ/∂z = 0 according to the Ampere’s law.
Then, assuming that all fields change in time harmonically with frequency ω and solving
this equation for Hφ using the method of separation of variables along with calculating the
axial and the radial electric field components from the Ampere’s law yields (see Ref. [1]) for
the bulk plasma (−d ≤ z ≤ d)
Hφ =
∞∑
n=0
Cen
Kezp,n
cos(Kezp,nz)J1(Ker,nr) +
∞∑
n=0
Con
Kozp,n
sin(Kozp,nz)J1(Kor,nr)
Ez = 1jω0p
( ∞∑
n=0
CenK
e
r,n
Kezp,n
cos(Kezp,nz)J0(Ker,nr) +
∞∑
n=0
ConK
o
r,n
Kozp,n
sin(Kozp,nz)J0(Kor,nr)
)
Er = 1jω0p
( ∞∑
n=0
Cen sin(Kezp,nz)J1(Ker,nr)−
∞∑
n=0
Con cos(Kozp,nz)J1(Kor,nr)
) (2)
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and for the sheath plasma d ≤ ±z ≤ l
Hφ =
∞∑
n=0
Den
Kezs,n
cos(Kezs,n(l ∓ z))J1(Ker,nr)±
∞∑
n=0
Don
Kozs,n
cos(Kozs,n(l ∓ z))J1(Kor,nr)
Ez = 1jω0
( ∞∑
n=0
DenK
e
r,n
Kezs,n
cos(Kezs,n(l ∓ z))J0(Ker,nr)±
∞∑
n=0
DonK
o
r,n
Kozs,n
cos(Kozs,n(l ± z))J0(Kor,nr)
)
Er = 1jω0
(
∓ ∞∑
n=0
Den sin(Kezs,n(l ∓ z))J1(Ker,nr)−
∞∑
n=0
Don sin(Kozs,n(l ∓ z))J1(Kor,nr)
)
,
(3)
where J0 and J1 are zeroth and first order Bessel functions of the first kind representing the
standing waves formed by the counterpropagating surface wave modes, C and D are mode
amplitudes, Kr and Kz are complex wavevectors coupled by
K2zp,n = k20p −K2r,n (4)
and
K2zs,n = k20 −K2r,n (5)
resulting from substitution of Eqs. (4) and (5) into Eq. (1). All the modes are classified by
their symmetry of Hφ (or of Ez, which has the same symmetry) with respect to z (the even
and odd modes being denoted with the superscript ’e’ and ’o’, respectively) and by their
axial mode number n. It will be demonstrated shortly that the n = 0 modes are dominant
and the Tonks-Dattner-like surface modes with n ≥ 1 are damped heavily in the radial
direction and are non-negligible only close to the lateral sidewalls, where they are needed
to satisfy boundary conditions and cause strong local field nonuniformities [4]. Fig. 2 shows
characteristic field patterns for the first even and odd modes.
FIG. 2: Characteristic field patterns of the first even and odd modes in a CCP reactor, taken from
[1].
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To find the dispersion relations of the even and the odd modes, the matching conditions
at the interface between the sheaths and the bulk plasma are used. The radial electric field
component Er and the axial electric flux density Ez must be continuous there. It is worth
noting that the continuity of the axial electric flux density at the interface between the
sheaths and the bulk plasma also means discontinuity of the axial electric field there, which
points out at the accumulation of surface charge. As has been mentioned above (see also
[3]), this surface charge mimicks charge perturbation due to the electron plasma slab motion
in a more realistic treatment. The first matching condition at z = d for Eqs. (2) and (3)
provides the relation between the mode amplitudes in the sheath and the bulk plasma, and
the second matching condition yields the dispersion relation for the even modes,
pK
e
zs,n sin(Kezs,ns) cos(Kezs,pd) +Kezp,n cos(Kezs,ns) sin(Kezs,pd) = 0 (6)
and for the odd modes,
pK
o
zs,n sin(Kozs,ns) sin(Kozs,pd)−Kozp,n cos(Kozs,ns) cos(Kozs,pd) = 0. (7)
Long radial wavelength asymptote
It is useful to examine the asymptotes with respect to real Kr of the dispersion relations
(6) and (7) for the n = 0 modes . For the long wavelengths Kr,0 → 0, assuming also
that ω → 0 (this assumption will be verified afterward), |Kzs,0|s  1, and Kzp,0 = j/δs
(where δs = c/(ω
√1− p) defines generalized complex skin depth, which in the collisionless
limit ν  ω can be approximated by the inertial skin depth and can be approximated as
δc/(1−j) with δc = δi(2ν/ω)1/2 when the collisions are strong, ν  ω; anomalous skin effect
is not considered here), using expansion of the trigonometric functions for a small argument,
utilizing Eqs. (4) and (5), one obtains
ω
Ker,0
= c(
1 + δs
s
tanh d
δs
)1/2 (8)
for the even mode and
ω
Kor,0
= c(
1 + δs
s
coth d
δs
)1/2 (9)
for the odd mode (see also [3]). Note that the phase velocities of both modes are smaller
than the speed of light and that the odd mode is slower than the even mode. In both cases
ω → 0 as Kr,0 → 0 in accord with the assumption made in the beginning of the derivation.
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If δs → 0 than the bulk plasma is similar to a metal conductor and effectively screens
the fields entering it and the coupling between the surface waves propagating in the top
and the bottom sheaths is strongly suppressed. In this case Eqs. (8) and (9) transform into
dispersion relation of TEM modes ω = Kr,0c propagating in the waveguides formed in the
sheaths bounded by the electrode on one side and the bulk plasma on the other (see also
[6]).
Short radial wavelength asymptote
AssumingKr,0 →∞, from Eqs. (4) and (5) it follows thatKzs,0 = iKr,0 andKzp,0 = iKr,0.
From Eqs. (6) and (7) it follows that in this limit the dispersion for the first even and odd
modes becomes
ω = ωpe√
2
, (10)
the factor of
√
2 being due to the bounded geometry of the discharge. The same short wave
asymptotic behavior is demonstrated, for example, for the Travelpiece-Gould surface mode
propagating in a cylindircal plasma column (e.g., [8]).
Higher oder modes
The dispersion relations for the higher oder modes n ≥ 1 can obtained by letting the
first term in Eq. (6) vanish (it is assumed that for the higher order modes the first term in
Eq. (6) is much greater than the second one due to |p|  1 for the typical parameters of
CCP discharges, an assumption which can be verified a posteriori; note that for the first
mode the two terms are assumed to be comparable). This provides two types of higher oder
modes for the even and odd symmetry. The first type of the higher order even modes has
Kezs,n =
npi
s
, (11)
and the second type has
Kezp,n =
(2n− 1)pi
2d . (12)
One can see that the first type of modes with the sheath axial wavevector given in Eq. (11)
arise due to formation of the standing waves in the sheath region, similar to the Tonks-
Dattner resonance modes. For the latter modes however, different resonances occur due to
12
the dispersion of the Langmuir plasma waves caused by thermal effects (e.g., [9]), in the
case investigated here the dispersion occurs due to the bounded nature of the CCP reactor.
The second type of modes with the bulk plasma axial wavevector provided by Eq. (12) is
generated by the standing waves formed in the bulk plasma. For the first mode type Eq. (5)
gives the dispersion relation
ω = c
(
n2pi2
s2
+ (Ker,n)2
)1/2
(13)
Similarly, for the second mode type Eq. (4) yields
ω = c
(
1
δ2s
+ (2n− 1)
2pi2
4d2 + (K
e
r,n)2
)1/2
(14)
Analogously, there are two similar mode types for the higher order odd modes. Applying
the same procedure to Eq. (6), one obtains for the first type of the higher order odd modes
Kozs,n =
npi
s
, (15)
and for the second type
Kozp,n =
npi
d
. (16)
This yields dispersion relation for the first type of the higher order odd modes as
ω = c
(
n2pi2
s2
+ (Ker,n)2
)1/2
, (17)
and for the second type
ω = c
(
1
δ2s
+ n
2pi2
d2
+ (Ker,n)2
)1/2
. (18)
Electrostatic limit
It is also interesting to consider the electrostatic limit for the dispersion relations of
the first even and the odd modes to see when the electrostatic approximation provides a
reasonable approximation to the EM solution, and when it breaks down. For simplicity
only collisionless case is considered. The electrostatic approximation assumes instantaneous
change of the electrostatic field after a change in the source charges, in the entire space. By
letting the speed of light c in Eqs. (6) and (7) to go to infinity, in this case one can obtain
exact expressions for the dispersion relations of the first even and odd modes
ω = ωpe
(
coth(Ker,0d)
coth(Ker,0s) + coth(Ker,0d)
)1/2
(19)
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and
ω = ωpe
(
tanh(Kor,0d)
coth(Kor,0s) + tanh(Kor,0d)
)1/2
(20)
(see also [3] and [7]). Additionally, there are also trivial solutions allowing arbitrary ω for
Ker,0 = 0 or Kor,0 = 0.
The long radial wavelength limit of Eqs. (19) and (20) coincide with the electromagnetic
case. The short radial wavelength limit yields
ω = ωpe
√
s
l
(21)
for the first even mode and
ω
k
= ωpe
√
ds
2 (22)
for the first odd mode. Whereas Eq. (22) is close to the EM analog (the small difference
is due to the field nonuniformities caused by the skin effect), Eq. (9) in the collisionless
case with a large skin depth compared to the bulk plasma width, d/δi  1, Eq. (21) is
drastically different from the EM case, Eq. (9) in that it predicts cutoff of the even mode
propagation at the electron series resonance frequency. This means that in the framework
of the electrostatic analysis the electrostatic field with the even symmetry (not that such
modes are the only modes existing in a geometrically symmetric reactor), driven by a power
source at a frequency below the electron series resonance, is distributed not in the form of
the electrostatic analog of the even surface wave mode, but according to the trivial soluition
predicting uniform voltage distribution over the driven electrode (such field pattern is a
very popular assumption in modelling the CCP discharges. As one can see, it has limited
validity). Therefore, there is a knee around the elecron series resonance frequency in the
long wavelength part of both electrostatic and electromagnetic dispersion relations for the
first even surface mode (see Fig. 3). In the electrostatic approximation this knee is sharp, in
the electromagnetic treatment it is much more rounded. One can however see the transition
of the smooth dispersion relation in the EM case to the sharp knee in the electrostatic
dispersion relation if one gradually increases the speed of light (see Fig. 4.4 in [3]).
Therefore, one can conclude that the electromagnetic treatment is important for the
description of the first even mode effects where dispersion relation plays a significant role,
for example, when the electrode radius becomes comparable to the mode wavelength or
when the Landau resonant wave-particle interaction at the mode phase velocity is taken into
14
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FIG. 3: Cold plasma dispersion relation. The higher modes have significantly higher frequencies
and are not shown
account. Another situation where the electromagnetic treatment can be important is when
plasma density is so large, that the skin width becomes comparable to the interelectrode gap.
In this case the field nonuniformities can lead to significant redistribution of the current and
power deposition even when the radial size of a reactor is small compared to the wavelength
of the first even or odd modes [13].
The higher order modes (n ≥ 1) described in the previous sections do not exist in the
electrostatic cold plasma approximation (however, similar modes arise in the electrostatic
approximation if one accounts for the thermal effects introducing dispersion in the disper-
sion relation of the electrostatic plasma waves. The latter modes are called Tonks-Dattner
resonance modes). Thus, the EM treatment is essential as long as these modes are concerned.
One can also observe that the electromagnetic and electrostatic dispersion relations for
first even and odd modes approach each other in the short radial wavelength limit. It can be
concluded that in this limit, the corresponding modes become virtually electrostatic, which
is born out by estimation of the electromagnetic and electrostatic energy content for the
corresponding modes [3].
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Even modes
The first even mode (n = 0) is usually excited in the long radial wavelength part of the
corresponding dispersion relation (see Fig. 3). Following the same assumptions as in the
derivation of Eq. (8) , one obtains
(Ker,0)2 ≈ k20 (1+d/s)(1+d/(ps)) → k20(1 + d/s)
(Kezs,0)2 ≈ −k20 d(1−1/p)s(1+d/(ps)) → −k20d/s
(Kezp,0)2 ≈ k20 d(p−1)s(1+d/(ps)) → k20(p − 1)
, (23)
where an additional limit of |p|  d/s was taken ([4],[1]). As one can see, Ker,0 is real, Kezs,0
is imaginary, and Kezp,0 is complex (in the collisionless case it is also purely imaginary). This
solution describes a standing surface wave mode formed by the surface waves propagating
radially inward from the plasma periphery, where they are excited at the slit ’ST’ (see the
Fig. (1)). The fields decay in the axial dimension, however, this effect is small if the skin
depth is large compared to the interelectrode gap. However, when the skin effect is strong,
the fields tend to concentrate in the vicinity of the interface between the sheath and bulk
plasma, so that the modes become truly surface waves.
It might appear that Eq. (23) predicts a resonance at the electron series frequency as
the denominator 1 + d/(ps) vanishes there. However, this leads to K → ∞, which is
inconsistent with the assumption made in the derivation of this equation that |Kezs,0|s 1
and |Kezp,0|d  1. A consistent derivation of the long radial wavelength asymptote (see
Eq. (8)) does not predict the resonance to occur in the long wavelength limit, which is also
corroborated numerically (see Fig. 3).
FIG. 4: Equivalent circuit for description of the first even mode propagation, taken from [1].
It is also helpful for understanding of the process of the mode propagation to construct
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an equivalent one-dimensional circuit to describe the propagation of the first even mode
based on the transmission line analogy, see Fig. 4 (see, e.g., [10], [1]). The series impedance
per unit area Z = Lgap is caused by inductance of the interelectrode gap per unit area
Lgap = 2µ0l (this value is hardly different from its vacuum analog provided the skin effect is
weak, since the RF current density is still practically uniform in the entire discharge in this
case) , and the parallel admittance per unit area comes from the sheath capacitance per unit
area Cs = 0/s and the bulk plasma admittance which can be calculated as a capacitance
of a capacitor with the interelectrode gap 2d filled with a dielectric having permittivity of
p, Yp = jω0p/2d [? ]. Substituting the expression for p, it can be seen that Yp can
stem from a bulk vacuum capacitance per unit area C0 = 0/2d, from bulk plasma (non-
magnetic) inductance caused by the electron inertia Lp = 1/(C0ω2pe), and from the bulk
plasma resistance caused by the electron-neutral elastic collisions Rp = νLp.
Assuming I to be the current flowing through a unit area and the V the voltage between
the electrodes at a position x (V (x) ≡ − ∫ l−lEz(z, x)dz), one can write differential equations
for I and V at the transmission line interval located between x and x+ dx: ∂V/∂x = −IZ
and ∂I/∂x = −V Y , respectively, which reduces to
∂2V
∂x2
= −K2V, (24)
where K2 = −ZY = k20 (1+d/s)(1+d/(ps)) , which agrees with Eq. (23).
This derivation is based on the assumption of the uniform fields and also misleadingly
predicts a resonance at the electron series resonance frequency (see the discussion after
Eq. (23)). This assumption of field uniformity is violated if the skin effect is sufficiently
strong. In the latter case one can use the long wavelength asympote of the exact field
solutions in Eqs. (2) and (3) (similar to the derivation which led to Eq. (8)) to deduce more
accurate expressions for the lumped series impedance Z ≡ jωL and the lumped parallel
admittance Y ≡ jωC per unit length (see [12]). Adopting cylindrical geometry, calculating
voltage across the electrodes at a radial position r again as V (r) ≡ − ∫ l−lEz(r, z)dz and the
total current flowing through the electrode area pir2 as I(r) = 2pirHφ(r, z = l), one can
write for the impedance of the line V/I =
√
L/C . In addition, for the wavevector of the
perturbation propagating along the transmission line one can write Ker,0 = ω
√
LC, where
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Ker,0 is to be calculated from Eq. (8). One can then obtain
L = µ0 spir
(
1 + δs
s
tanh d
δ
)(
1− ω2
ω2pe
δs
s
tanh d
δs
)
C = 0 pirs
(
1− ω2
ω2pe
δs
s
tanh d
δs
)−1
.
(25)
Such approach, however, should be used cautiosly. In [6], for example, it is argued that
there is a resonance at the electron resonance-like frequency where the denominator in
the expression for C in Eq. (25) vanishes, whereas, as argued previously, there is no such
resonance in the electromagnetic dispersion relation of the first even mode.
The typical RF frequencies used to drive CCP discharges are well below the cutoff fre-
quencies for the higher order even modes (n ≥ 1) (see Fig. 3). Therefore, these modes are
strongly damped in the radial direction on the length scale of s from their excitation location
at the radial periphery inward. Indeed, following the same assumptions as in the derivation
of Eqs. (11) and (12), one obtains
Kezs,n ≈ npis
(Kezp,n)2 ≈ − 1δ2s +
n2pi2
s2
(Ker,n)2 ≈ k20 − n
2pi2
s2
(26)
and
Kezp,n ≈ (2n−1)pi2d
(Kezs,n)2 ≈ 1δ2s +
(2n−1)2pi2
4d2
(Ker,n)2 ≈ k20 − 1δ2s −
(2n−1)2pi2
4d2
. (27)
Therefore, these modes are significant only close to the radial plasma periphery and are
needed for satisfying boundary conditions at the sidewall (see [4]).
Odd modes
Following the same approach as for the even modes, wavevectors of the first odd mode
in the long radial wavelength limit are
(Kor,0)2 ≈ k20 − 1psd = k20 + 1δ2t
(Kozs,0)2 ≈ 1psd = − 1δ2t
(Kozp,0)2 ≈ k20(p − 1) + 1psd = − 1δ2s −
1
δ2t
,
(28)
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where δt ≡
√
−psd is used and the long radial wavelength limit was taken, so that
|Kozs,0|s, |Kozp,0|d  1. This approximation is valid as long as δs and δt are large com-
pared to l. Note that |δt| provides a typical scale of the first odd mode for sufficiently
low ω (so that k0  |δt|−1). In the collisionless limit δt ≈ ωpe(sd)1/2/ω and the first odd
mode propagates radially undamped. In the opposite case of strong collisions (ν  ω),
δt ≈ (1 + j)ωpe(sd/2νω)1/2, consequently, Kor,0 is complex and the mode damps as it propa-
gates from the radial periphery towards the radial center of the discharge. The radial decay
length of the first odd mode is usually smaller than that of the first even mode, therefore
the first odd mode is frequently too damped to form a standing wave.
As was done for the first even mode, one can find an equivalent circuit to describe
propagation of the first odd mode. Writing Kor,0 from Eq. (28) as
(Kor,0)2 = −(jωµ0s/2 + 1/(jω0p2d))(2jω0/s) = −(jωLs + Zsq)(2jωCs), (29)
where Ls = µ0s/2 is the parallel sheath inductance and Zsq = 1/(jω0p2d) is the lateral
plasma impedance per square. Neglecting the small parallel sheet capacitance associated
with the lateral plasma impedance, Zsq = jωLsq+Rsq, where the sheet plasma dc resistance
Rsq = 1/(2dσdc) with σdc = nee2/(meν) and sheet plasma inductance Lsq = Rsq/ν. It follows
then that the appropriate circuit can be represented by a series distributed plasma sheet
impedance and sheath gap inductance along with a parallel capacitive sheath admittance
(see Fig. 5). Note that for this equivalent circuit the current I and V denote different
quantities than for the treatment of the first even mode. Namely, here I and V represent
the net radial sheet current in the plasma bulk and perturbation of the plasma potential
due to the first odd mode V = − ∫ 0−lEoz,0dz (provided the bottom electrode is grounded) [1].
FIG. 5: Equivalent circuit for description of the first odd mode propagation, taken from [1].
Similarly to the higher order even modes, the higher oder odd modes (with n ≥ 1) are
also strongly damped in the radial direction on the length scale of s from their excitation
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location at the radial periphery towards the radial center. Following the same derivation
that led to Eqs. (15) and (16), one obtains
Kozs,n ≈ npis
(Kozp,n)2 ≈ − 1δ2s +
n2pi2
s2
(Kor,n)2 ≈ k20 − n
2pi2
s2
(30)
and
Kozp,n ≈ npid
(Kozs,n)2 ≈ 1δ2s +
n2pi2
d2
(Kor,n)2 ≈ k20 − 1δ2s −
n2pi2
d2 .
(31)
III. THE STANDING WAVE, TELEGRAPH, SKIN, AND EDGE EFFECTS
In the literature there are four different effects mentioned in connection with the high
frequency capacitively coupled plasmas: the standing wave, telegraph, skin, and edge effects.
As mentioned above, for the typical driving frequencies lying in the RF range only the
first even and odd modes are excited in a CCP reactor, all other modes being strongly
damped. The corresponding elecromagnetic waves propagate from the radial edge, where
they are excited, towards the radial center. They are superposed with the waves propagat-
ing outwards from the center generated at the diametrally opposite point. Thereby they
form standing waves mathematically described by the Bessel functions in Eqs. (2) and (3).
However, in the literature only the standing wave caused by the counterpropagating first
even modes is called the ’standing wave effect’ [14], [4]. This can be in part justified by
the frequently observed stronger damping of the first odd surface wave mode propagating
to the radial center from the radial edge compared to that of the first even mode, so that
there is virtually no counterpropagating wave and thus technically no standing wave. This
is however not the case in low-pressure weakly collisional CCP discharges driven by low or
moderate RF frequencies.
The different axial electric field Ez symmetries with respect to z of the first even and odd
standing wave modes cause different physics effects. The "the standing wave effect" consists
in the first even mode (with Ez(r,−z) = Ez(r, z)) causing radial variations of the sheath
voltages , which are symmetric in the both sheaths. The field symmetry of this mode is the
same as that of the TEM mode excited in a CCP reactor representing a vacuum capacitor in
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the abscence of plasma [1]. The characteristic signature of the first even mode is the decrease
of the RF sheath voltage from discharge radial center towards its edge (mathematically, this
is reflected by the behavior of J0 Bessel function in Eqs. (2) and (3)). Due to the symmetry
of the mode the first even mode is excited by RF axial electric field, which is symmetric
with respect to the axial midplane. Since there is always such a field (it is needed to carry
the discharge current in the sheaths by means of the displacement current and therefore
is an essential part of the discharge itself), the first even mode is always excited in the
CCP discharges (as long as the excitation frequency ω < ωp/
√
2). There are induced radial
currents propagating in the opposite directions at the top and bottom sheath - bulk plasma
interfaces, so that this mode generates no net radial current.
The first odd mode, in contrast, has Ez(r,−z) = −Ez(r, z) and leads to the radial
variations in the sheath voltage, which are also antisymmetric in the driven and grounded
sheaths. The field symmetry of this mode is the same as that of the TEM mode excited in a
coaxial cable (or a stripline waveguide) represented by a CCP reactor with high-conductivity
plasma slab as the central conductor [1]. Therefore, this mode leads to perturbations of the
sheaths which are antisymmetric with respect to the axial midplane and do not result in
the perturbation of the discharge voltage, which is equal to the sum of the sheath voltages
(provided the floating bulk plasma potential can be neglected). This mode carries the RF
plasma potential perturbation from the radial edge, provided it was excited there, in the
direction of the radial center. Due to the symmetry of the mode, it can be excited only in
an asymmetric CCP reactor by the perturbation of the plasma potential from its symmetric
value arising due to the unequal capacitive division of the sheath voltages owing to the
larger grounded sheath area compared to the area of the driven sheath at the discharge
radial edge. In this way, the first odd mode leads to increase of the RF voltage amplitude
on the driven electrode and to its decrease on the grounded electrode, respectively. The
equations describing radial propagation of the plasma potential perturbation resemble those
for the attenuated signal propagation in a lossy transmission line, hence the first odd mode
and the radial uniformities connected with it were dubbed ’telegraph effect’ [14]. This
mode transfers net radial current in the plasma bulk and drives non-ambipolar currents in
the sheaths close to the radial edge of the discharge and radial currents in the electrodes.
Whereas energy of the ions impinging on the conducting electrodes is radially uniform, it
can become radialy nonuniform on a dielectric substrate, which is potentially dangerous
21
for the plasma processing [15], see also the next section. The first odd (sometimes also
called ’telegraph’) mode might also dramatically affect the self-bias of the driven conducting
electrode connected via a blocking capacitor to a power source [15].
As has been discussed previously, the skin effect comes into play when plasma densities
are sufficiently high so that the skin depth becomes comparable to the electrode gap. In this
case the induced radial electric field becomes large, tends to be concentrated at the sheath-
bulk plasma interfaces and drives large radial currents there, which lead to screening of the
axial electric and azimuthal magnetic fields from the radial center of the plasma towards its
radial edge for the even mode. Another characteristic signature of strong skin effect is strong
radial electric field increasing from the radial center toward the edge (mathematically, this
is reflected by the behavior of the J1 Bessel function in Eqs. (2) and (3). The ’inductive’
heating caused by the large induced radial electric field in this case can prevail over the
’capacitive’ heating caused by the axial electric field ([4], [5]). A similar situation occurs in
the inductively coupled plasma discharges, where such discharges are usually driven for low
power in the capacitive regime and for higher power in the inductive regime. It should be
noted that although the skin effect changes the field pattern of the mode, it does not change
field symmetries, so that the mode identities are not altered by the skin effect.
Finally, the so-called edge effects are caused by the higher order even and odd modes,
which are large close to the radial edge on a distance of order of sheath width and can cause
large field nonuniformities there [4].
IV. NON-UNIFORMITIES OF POWER ABSORPTION AND THE SHEATH
VOLTAGES
Uniformity of the power absorption and energy of the ions impinging on the substrate
have immediate relevance to the plasma processing. In this section we will consider such
issues.
The fields in Eqs. (2) and (3) depend on the plasma density n(r) and plasma sheath
width s(r), which in turn depend on the electromagnetic fields. To model a CCP plasma
discharge self-consistently, it is convenient to use the equivalent circuit model, which provides
a convenient representation of local coupling between the electromagnetic fields in the form
of voltages and the currents based on the filed solutions of the Maxwell’s equations given in
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Eqs. (2) and (3) along with the appropriate dispersion relations (see Section ???). Using the
transmission line equations with the obtained equivalent circuit elements it is possible to
describe propagation of the mode by calculating V (r, t) and I(r, t). Then, one can estimate
the local sheath width from the Child law using the obtained voltage V and by calculating
power absorbed in plasma one can determine electron temperature and density from the
particle and power balance equations, respectively. By solving this self-consistent system
of equations, one can obtain the power absorption profile and estimate its influence on ion
flux uniformity. Such a self-consistent approach for description of CCP discharges featuring
even mode (leading to the standing wave effect with a potentially strong the skin effect) was
suggested in [10] and [5].
Following their approach (a part of it has led to Eq. (25) previously), in order to calculate
the absorbed power one has to augment that model by inclusion of the resistive parts for
the impedance Z and the admittance Y , so that
Z = Rind + jLω, (32)
and
Y −1 = Rcap +Ri + (jCω)−1, (33)
with L and C denoting the same quantities as in Eq. (25), Rind being the series resistance
per unit length, Rcap = Rohm +Rstoc +Rohm,sh being the parallel resistance per unit length,
which comes from the ohmic heating resistance, stochastic heating, and ohmic heating in
the sheath (the latter two becoming significant at low pressure).
Rind and Rohm can be calculated from the expressions for the power dissipation,
2pirRe
[∫ d
0 j{r,z}(z)E∗{r,z}(z)dz
]
= |I|2R{ind.ohm}/2, which yields
Rind = Re
{
1
2pirσdcδs
[
sinh(2d/δs)− (2d/δs)
1 + cosh(2d/δs)
]}
(34)
with σdc = e2ne/meν is the dc plasma conductivity (the inductive stochastic heating [16]
can be incorporated using an effective collision frequency [11]), and
Rohm = Re
{
δs
2pirσdc
[
sinh(2d/δs) + (2d/δs)
1 + cosh(2d/δs)
]}
. (35)
At low pressure, ohmic heating is dominated by stochastic heating and ohmic heating in the
sheath, which take place in the sheaths and therefore are not influenced by the skin effect
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in the framework of the chosen model with electron-free sheaths. Taking the corresponding
quantities from [10], one has
Rstoc =
4Kstoc(mTe)1/2s2
e1/20pir|V | , (36)
and
Rohm,sh =
2KcapKohm,shmνs3
e0pir|V | , (37)
where Te is the electron temperature in eV, Kstoc = 0.45, Kohm,sh = 0.407, Kcap = 1.23
(the maximum sheath expansion is defined as sm = sKcap). Finally, the resistance per unit
length due to power dissipation by ions flowing in the sheaths is [10]
Ri =
4KvehlneuBs2
ω220pir|V |
, (38)
where Kv = 0.83, uB = (eTe/M)1/2 is the Bohm velocity, M is the ion mass, hl = 0.86(3 +
d/λi)−1/2 is the axial plasma edge-to-center density radio and λi is the ion mean free path.
To make the model self-consistent, one has to couple the transmission line equations to
the particle and power balance equations. In [12] two limiting cases were considered: (i)
non-local power deposition with the electron energy relaxation length λE ≈ λ(me/M)1/2
(with λ the mean free path for the 90o scattering) being larger than the discharge radius R,
which is valid at low pressure and (ii) local power deposition for the high pressure λE  R.
Accordingly, assuming global energy transport at low pressure and thus that the electron
density profile is defined by the ambipolar diffusion with the uniform ionization profile, one
can use the low-pressure diffusive solution proposed in [17]
ne(r) = ne0
[
1− (1− h2R)
r2
R2
]1/2
(39)
with hR = 0.8(4 +R/λi) the radial edge-to-center density ratio. Since the power balance at
low pressure has global character, the absorbed power for the power balance equation must
be calculated by integrating it over the radial domain,
Pabs =
1
2
R∫
0
Rcap
∣∣∣∣∣dIdr
∣∣∣∣∣
2
dr + 12
R∫
0
Rind|I|2dr. (40)
The total power lost through the particle fluxes to the electrodes and the sidewall is [10]
Ploss = 2ne0uB(piR2hl + 2piRdhR)T (Te), (41)
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where T (Te) is the total energy loss per electron-ion pair created [11]. The electron tem-
perature is determined from the particle balance
ngKizpiR
2d = uB(piR2hl + 2piRdhR), (42)
where Kiz is the ionization coefficient given in [10].
In the other case of high pressure power deposition is local rather than global as in the
case of low pressure. Therefore, the electron density profile is determined from the local
power balance, where
Pabs(r) =
1
2Rcap
∣∣∣∣∣dIdr
∣∣∣∣∣
2
+ 12Rind|I|
2 (43)
is the power absorbed at a radial position r and
Ploss = 4pirhlneuBT (Te). (44)
The local electron temperature in this case is to be found from the local particle balance,
ngKizd = hluB. (45)
The transmission line equations dV/dr = −ZI(r) and dI/dr = −Y V (r) for V (r) and I(r)
have to be solved simultaneously with the power balance equation Pabs = Ploss to determine
the electron density and the particle balance equation to determine the electron temperature
(taking the appropriate case in terms of the neutral background gas pressure) either from
global equations (40), (41), and (42) in case of low pressure, or from local equations (43),
(44), and (45) in case of high pressure.
The CCP discharges are normally heated in the capacitive regime (so that the first term
on the right hand side in Eq. (40) or Eq. (43) dominates over the second one representing
the inductive heating. In this regime the standing wave dominates and the discharge voltage
along with the deposited power profiles show corresponding fall from the maximum at the
center towards the radial edge. However, if one increases the power, the density is increased
as well, the skin depth becomes comparable to the electrode gap and the inductive heat-
ing wins over the capacitive one and the discharge undergoes E-H regime change similar
to the inductively coupled plasma discharges (albeit with a reverse change of the heating
regime with power increase compared to the ICPs). In this regime the radial electric field
is dominant and along with the power absorption profile shows typical pattern of the skin
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effect, growing from the radial center towards the radial edge. If the case of low pressure
the E-H heating regime with increasing power occurs globally, in the case of high pressure
the heating regime change is local and, quite surprisingly, can occur in different directions
at several radial locations. Fig. 6 shows results of the self-consistent transmission line model
described above for CCP discharges driven in argon by RF voltage at 200 MHz and 150
mTorr neutral gas pressure with several central RF voltage amplitudes V0 [18]. One can
clearly see the transition from E to H heating regime and back occuring at several radial
locations. The corresponding electron density profiles show the standing wave signature of
the fall from the radial center in the radial direction for the low power case (V0 = 50 V)
where the capacitive heating regime dominates, but tend to have the skin effect signature
of increase outwards from the center for higher powers, see Fig. 7.
FIG. 6: Local E-H change of the heating regime in a CCP discharge illustrated by plotting ratio of
the inductively deposited power and capacitively deposited power Pind/Pcap versus r for a discharge
driven with 200 MHz voltage sources with different central voltage amplitudes V0 in the local regime
under neutral gas pressure of 150 mTorr , taken from [18].
The change in power absorption profile caused by the first odd mode (the telegraph effect)
shows dramatically different pattern from that caused by the first even mode (the standing
wave effect). Owing to the symmetry of the odd mode the sheath voltage of the sheath
adjacent to the driven electrode is increased and the sheath voltage of the sheath adjacent
to the grounded electrode tends to be decreased by the same amount. It follows that while
the power deposited in each of the individual sheath may be quite different from each other,
but the total power is hardly changed [15]. This might still add to the power deposition
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FIG. 7: Electron density profiles for the same cases shown in Fig. 6 , taken from [18].
nonuniformity issue in the case of local power deposition (high pressure).
Another issue important for the plasma processing is the radial uniformity of the peak
ion energy for the ions hitting the surfaces in a CCP reactor. This issue has been thoroughly
investigated in [15]. Although it might seem that the first even and odd electromagnetic
modes excited in a CCP reactor should lead to the radial nonuniformity of the DC part of
the plasma potential just as they do for its amplitude due to the standing wave and the
telegraph effects , but this is normally not the case due to the high bulk plasma conductivity
and small dc currents which flow through the bulk plasma. From the expression for δt in the
collisional case one can easily see that δt goes to infinity as the driving frequency vanishes,
which means that for the DC perturbations plasma potential must remain uniform.
As it was concluded in [15], the uniformity of the ion peak energy (which is approximately
equal to the DC component of the corresponding sheath voltage) strongly depends on the
discharge set-up. Whereas the sheath voltage can be uniform if the sheath touches the
conducting electrode adjacent to it (in this case the electrode is held at a single DC potential
due to its high conductivity and the sheath voltage is also radially uniform), this ceases to
be the case on a dielectric substrate. The DC sheath voltage saturates at the self-rectifying
value, which is needed to ensure that period-averaged electron and ion currents are equal
so the currents are ambipolar [19]. In case of the conducting electrode such self-rectifying
value is attained in a global sense, so that the total DC ion and electron currents flowing
through the electrode match each other despite the local currents are nonambipolar (because
of the electromagnetic effects the particle fluxes are nonuniform, while the sheah voltage
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must be uniform. This means that the current ambipolarity can be achieved only globally
and will inevitably be violated locally). The locally nonambipolar currents will then be
short-circuited on the electrode surface, which generates corresponding DC currents in the
electrode. In the case dielectric substrate the ambipolarity of currents will be achieved
locally and the corresponding self-rectifying sheath voltage will thus be radially nonuniform,
which might be detrimental for plasma processing. In the case of the conducting electrodes,
it was also found in [15] that the self-bias of the driven electrode can be strongly changed
by the telegraph effect compared to value expected from the electrostatic theory. Since
the self-rectifying sheath voltage is regulated approximately by the largest RF amplitude
in the sheath potential of the driven electrode increases towards the radial edge due to the
telegraph effect, its DC sheath voltage must increase accordingly. This can only by achieved
if the driven electrode has a negative self-bias.
V. SUPPRESSION OF NONUNIFORMITIES CAUSED BY THE ELECTRO-
MAGNETIC EFFECTS
Since the processing plasmas are required to be as uniform as possible and all the electro-
magnetic effects occuring in reactors with large electrodes driven by very high frequencies
described above lead to noniformities either in the ion fluxes to the substrate or the average
energy of their directed motion to the substrate, it is a very interesting and important ques-
tion of how to remove or alleviate such nonuniformities, which is discussed in this section.
Note that alternative concepts of high density plasma production in CCP reactors without
large area electrodes and/or VHF driving sources are not considered here.
Because the standing wave and the skin effect lead to different radial power deposition
profiles, one can assume that they can compensate each other under certain conditions. For
example, this can be seen in Fig. 13 in [11]. However, such a compensation is hard to control
and it does not solve the issue of the sheath potential nonuniformity.
In [20] an elegant and efficient solution to ensure the uniformity of the axial field was
suggested. The Maxwell’s equations do not allow a solution with purely axial field, they
require a radial electric field component. Assuming such a solution, one can ask if it is
possible to generate such a solution by a non-flat, shaped electrode. The resulting electric
field must satisfy the boundary conditions at each point of the electrode surface, which
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require that the tangential electric field vanishes so that the electric field is normal at each
point of the electrode surface. Thus, by enforcing the electrode surface to be perpendicular
to the field solution at each point, one can calculate the shape electrode, which turns out to
be Gaussian [20]. The plasma was to be confined by a dielectric slab and was assumed not to
influence the final solution. Later analysis ([21], [22]) has demonstrated this to be the case
indeed and generalized the method of calculating the electrode shape for the rectangular
CCP discharges. Such an approach tackles both the uniformity of the absorbed power and
the sheath voltage issues.
In [23] and [24] the authors suggest two approaches to improve uniformity of the high-
frequency, large-electrode-area CCP discharges, which also consist in modifications of the
driven electrode. The first approache consists in using graded conductivity electrodes (GCE),
i.e. to cover the driven electrode with a dielectic layer with conductivity decreasing from
edge to the center. As the RF wave propagates inwards from the edge of the electrode,
the penetration of the HF field into the dielectric increases. This increasing penetration
counteracts the increase in the electric field resulting from the standing wave effect, and
hence improves the uniformity of the resulting plasma. The second approach is to segment
the driven electrode into separate sections and supply power to all the sections ensuring
the same phase or a constant phase shift between adjacent sections. The both approaches
seem to yield a noticeable improvement in the uniformity of the ion fluxes, but only modes
improvement in the uniformity of the sheath voltages influencing the IEDF.
The nonuniformities connected with the telegraph mode could be avoided by using sym-
metric CCP reactors [15], in which such a mode is not excited.
VI. EXPERIMENTS
As the plasma processing industry goes in the direction of ever increasing electrode area
and driving frequency, the amount of corresponding experimental data is huge. Since a
comprehensive review of such experimental activities goes beyond focus of the present entry,
only a few experiments are mentioned here.
One of the first direct experimental evidences of the electromagnetic effects causing
nonuniformities of the ion fluxes was obtained through ion flux cartography in [25], see
Fig. 8. Here, the ion flux cartography technique was used to measure the ion fluxes im-
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pinging on the electrode surface by utilizing a 8 x 8 matrix of electrostatic negatively biased
probes inserted into the grounded electrode. The discharge was produced in argon gas at 150
mTorr pressure between two large-area square plates 40 cm x 40 cm separated by a distance
of 4.5 cm, surrounded laterally by a 4 cm thick Teflon barrier. The measurements were
conducted for the same nominal power of 50 W at different driving frequencies. Because
of the relatively high pressure, the energy transport is local and the nonuniformity of the
ion fluxes, which is a direct consequence of the nonuniform plasma density, is in this case
connected with the nonuniformity of the power absorption. One can see that the ion flux is
practically uniform for the frequency of 13,56 MHz, and it acquires a typical signature of the
standing wave effect manifesting itself in the ion flux intensity falling off from the discharge
center to its edge. Further, nonuniformity of the discharge voltage due to the standing wave
effect in a large area CCP discharge driven by a high frequency source was demonstrated in
[26] in the absence of plasma. The nonuniformity of the plasma density due to the standing
wave effect was experimentally revealed in [21]. The suppression of nonuniformities caused
by the standing wave effect through use of the segmented electrodes with 180o phase shift
between the neighbor segments was checked experimentally in [28] with modest success.
FIG. 8: 2D ion flux uniformity at 150 mTorr and 50 W, for 13.56 MHz (a), 60 MHz (b), and 81.68
MHz (c). The standing-wave effect is observed at 60 MHz and is more pronounced at 81.36 MHz.
The figure is taken from [25].
The suppression of the standing wave effect due to the Gaussian lens electrode (see the
previous section) was shown experimentally in [27] by ion flux cartography and measuring
the plasma optical emission intensity. Fig. 9 taken from that work demonstrates that use of
the Gaussian lens electrode designed for the appropriate driving frequency indeed leads to
flattening of the ion flux radial profile.
An experimental observation of the induced radial electric field causing the skin effect in
a CCP discharge was made in [29]. For large densities, the inductive H heating mode was
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FIG. 9: Bottom: Measured radial profiles of the ion flux Isat(r) at 67.8 MHz for the Gaussian-lens
electrode filled with PTFE dielectric (design frequency 69.0 MHz). Top: the same measurements
but with parallel plate electrodes. Uniform profiles can be obtained using the lens electrode by
suitable choice of pressure and rf power, whereas the profiles for parallel plate electrodes are strongly
nonuniform and dominated by the standing-wave effect for all plasma parameters indicated. Plasma
parameters: 5 mTorr (100 and 300W), 10 mTorr (50 and 100 W), 25mTorr (50 and 100 W), 50
mTorr 50 W, 100 mTorr 50W, and 250 mTorr 200W. All values are normalized to the values on
axis. Error bars of ±10% are omitted for clarity. The figure is taken from [27].
detected, with the absorbed power profile increasing from the center to the the radial edge,
a signature characteristic of the skin effect.
The telegraph effect occuring in asymmetric CCP reactors leads to a radially nonuniform
plasma potential, which is due to the first odd mode generating antisymmetric perturba-
tions in the ground and driven sheath voltages. The nonuniformity of the plasma potential
was demonstrated in [30], the asymmetric perturbations of the sheath voltages were ob-
served indirectly through monitoring thickness of the films deposited on the grounded and
driven electrodes in [2] (see Fig. 6 therein). As mentioned above, the telegraph mode can
cause redistribution of the currents at the electrodes as a result of the self-rectification of
the sheaths. If electrodes in a CCP reactor are exposed to plasma, the DC component
of the sheath voltages, which determines the average energy with which ions hit the elec-
trode surfaces, is radially uniform (owing to uniformity of the DC plasma potential and DC
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potential of the electrodes because of their high conductivity), which was experimentally
corroborated in [31]. The corresponding DC currents flowing radially in the electrodes to
compensate for the nonuniform particle currents hitting the electrodes as a result of the
sheath self-rectification with the nonuniform voltages due to the standing wave and the
telegraph effects generating nonambipolar currents were directly measured in [32]. Another
possible consequence of the telegraph effect when there is a delectric substrate covering an
electrode is that the surface charge and potential of the dielectric substrate can be negative
and not only positive as for a uniform rf plasma potential, which was shown in [33].
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